Nanostructured zirconium oxide ͑ZrO 2 ͒ film ͑particle sizeϳ 35 nm͒, electrochemically deposited onto gold͑Au͒ surface, has been used to immobilize 21-mer oligonucleotide probe ͑ssDNA͒ specific to Mycobacterium tuberculosis by utilizing affinity between oxygen atom of phosphoric group and zirconium to fabricate DNA biosensor. This DNA-ZrO 2 / Au bioelectrode, characterized using x-ray diffraction, Fourier transform infrared spectroscopy, cyclic voltammetry, and scanning electron microscopy techniques, can be used for early and rapid diagnosis of M. tuberculosis with detection limit of 0.065 ng/ L within 60s.
Tuberculosis is a common infectious disease caused by Mycobacterium tuberculosis. According to World Health Organization report, tuberculosis ͑TB͒ is presently the largest cause of death ͑Ϸ1.6 millions͒ from a single infectious agent. Conventional diagnosis of tuberculosis is carried out by polymerase chain reaction, restriction fragment length polymorphism, immunoassays, and southern hybridization technique. However, these diagnostic methods are expensive, time-consuming, laborious, and hazardous.
1 There is, thus, an urgent need for a sensitive, specific, stable, cost-effective, and reusable method for tuberculosis detection.
Electrochemical DNA biosensors based on nucleic acid hybridization have received considerable attention due to their potential application for diagnosis of various diseases. 2, 3 The immobilization of a biomolecule onto a desired electrode surface is a crucial step for development of a biosensor as it rapidly loses its biological activity in an external environment. In this context, nanocrystalline transparent metal oxides have drawn considerable attention due to their unique physical, chemical, and optical properties that make them promising matrices for sensing applications. 4 Zirconia ͑ZrO 2 ͒ is an attractive inorganic metal oxide with thermal stability, chemical inertness, nontoxicity, and affinity for groups containing oxygen that facilitates covalent immobilization without using any cross-linker that may limit sensitivity of the fabricated sensor. It is thus an ideal material for immobilization of biomolecules with oxygen groups. 5, 6 Moreover, it has significantly higher isoelectric point, pH stability and plays an important role for optical, dielectric, corrosion-resistant coatings, and sensor applications. 7 Compared to sol gel method, 8 electrodeposition of ZrO 2 offers several advantages like strong adhesion between the deposited film that may be advantageous for biosensor fabrication.
We report results of studies relating to application of electrochemically deposited nanostructured ZrO 2 film deposited onto Au surface for fabrication of a DNA biosensor for Mycobacterium tuberculosis detection.
Zirconium oxychloride ͑ZrOCl 2 .8H 2 O͒, potassium chloride ͑KCl͒, oligonucleotide probe sequence specific to Mycobacterium tuberculosis, complementary target, one-base mismatch and noncomplementary DNA sequences were procured from Lobachemie, Mumbai, India and SigmaAldrich, USA, respectively. All the solutions and glass wares were autoclaved prior to being used and desired reagents ͑molecular biology grade͒ were prepared in de-ionized water ͑Milli Q 10 TS͒. The sequences of DNA probes used for the electrochemical DNA hybridization detection are as follows: KCl by cycling the potential between Ϫ1.5 to +0.7 V ͑versus Ag/AgCl͒ at a scan rate of 20 mV s −1 for ten consecutive scans. 8, 9 In the ZrOCl 2 .8H 2 O solution, ZrOCl 2 hydrolyzes to tetramer ͓Zr 4 ͑OH͒ 8 ͑H 2 O͒ 16 ͔ 8+ and forms colloidal particles under basic conditions around electrode surface that might have formed from the cathodic reduction of water as indicated by Eqs. ͑1͒ and ͑2͒:
The electrosynthesis helps in accumulation of the colloidal particles at the electrode surface resulting in formation of the ZrO 2 film. The ZrO 2 / Au surface is washed and subject to 5 min incubation for attachment of 21-mer oligonucleotide specific to M. tuberculosis ͑ssDNA, 641 ng/ L͒ in a humid chamber at 25°C. The strong affinity of oxygen of phosphoric group of DNA with zirconia utilized for the immobilization of oligonucleotide on ZrO 2 / Au electrode is likely to result in The prepared ssDNA-ZrO 2 / Au bioelectrode was stored at 4°C when not in use. ssDNA-ZrO 2 / Au electrode was characterized using XRD ͑Rigaku Miniflex II Desktop͒, Fourier transform infrared spectroscopy ͑PerkinElmer, Spectrum BX II͒, scanning electron microscopy ͑LEO 440͒. Electrochemical data was obtained by an Autolab Potentiostat/ Galvanostat ͑Eco Chemie, Netherlands͒ using a threeelectrode system with Au as working electrode, platinum wire as auxiliary electrode, and Ag/AgCl as reference electrode in PBS solution containing 5-mM ͓Fe͑CN͒ 6 ͔ 3−/4− . The ssDNA-ZrO 2 / Au electrode was optimized for hybridization time and was subject to incubation in desired concentration ͑641− 0.0641 ng/ L͒ of complementary target solution for 60s at 25°C. Subsequently, CV and DPV measurements of ssDNA-ZrO 2 / Au electrode were carried out in presence of 10-M methylene blue ͑MB͒, in 0.05 M phosphate buffer pH 7.0 containing 0.9% NaCl.
XRD studies of ZrO 2 / Au show a high degree of preferential orientation giving rise to the spectra resembling single crystal diffraction pattern. 11 The prepared ZrO 2 film shows ͑211͒, ͑032͒, ͑330͒, and ͑210͒ diffraction planes corresponding to crystalline ZrO 2 structure and well-matches with the standard ͑JCPDS No. 371484͒ data having cell parameters as a = 5.312, b = 5.212, and c = 5.147 Å. The average crystallite size of the ZrO 2 calculated using DebyeScherrer equation is found to be ϳ35 nm.
FT-IR spectra of ZrO 2 / Au exhibits characteristic peaks at 544 and 668 cm −1 arising due to the symmetric stretching of Zr-O-Zr species indicates the zirconia film formation onto the gold surface. 7, 9 The bands observed at about 1497, 1547, 1648 cm −1 are due to Zr-O-C vibrations. 11 The IR spectrum of DNA- Cyclic voltammetric studies ͑CV͒ were carried out on ͑a͒ bare Au; ͑b͒ ZrO 2 / Au film; and ͑c͒ DNA-ZrO 2 / Au bioelectrode. The peak current ratio ͓I Pa / I pc ͔, calculated from Eq. ͑3͒, decreases in the order: Bare gold͑1.756͒ Ͼ ZrO 2 / Au͑1.557͒ Ͼ DNA-ZrO 2 / Au ͑1.543͒. The CV studies of DNA-ZrO 2 / Au bioelectrode conducted as a function of scan rate ͑50-300 mV/s͒ reveal that peak-topeak separation potential increases with increasing scan rate indicating uniform facile charge transfer kinetics and follows ⌬E͑V͒͑DNA-ZrO 2 / Au͒ = 0.32 V + 6.43ϫ 10
ϫ Scan rate͑mV/ s͒with r = 0.954. 11 The surface concentration of ionic species per unit area ͑⌫͒ calculated using Laviron's theory 10 has been found to be 3.46 * 10 Figure 2 shows results of electrochemical response measurements of DNA-ZrO 2 / Au electrode carried out as a function of target DNA concentration using MB as indicator in phosphate buffer ͑50 mM, pH 7.0, 0.9% NaCl͒. A significant decrease in the magnitude of MB signal is observed when incubated with complementary target sequence and is attributed to the steric and conformational changes induced during hybridization process. It is found that MB peak height increases with decrease in the complementary target concentration from 641 to 0.065 ng/ L, revealing 0.065 ng/ L as the detection limit. The decrease in the MB peak height with increase in complementary DNA concentration may be attributed to the hindrance provided to MB-Guanine interac- 
͑4͒
with regression coefficient ͑r͒ as 0.972 Figure 3 exhibits results of DPV studies of DNA-ZrO 2 / Au bioelectrode on hybridization with Genomic DNA of Mycobacterium tuberculosis. With increasing Genomic DNA concentration ͑1 -150 ng/ L͒, MB oxidation current ͑I genomic ͒ decreases, indicating increased number of DNA duplexes formed at the ZrO 2 surface ͓Eq. ͑5͔͒. The lower detection limit of ss-DNA/ ZrO 2 / Au electrode with genomic DNA is found to be 1 ng/ L I genomic = − 1.425 ϫ 10 −6 ͓ln͑conc of genomic DNA in ng/L͔͒ + 1.94 ϫ 10 −5 . ͑5͒
The selectivity of the DNA-ZrO 2 / Au electrode has been investigated by monitoring change in methylene blue oxidation current by incubating it with complementary oligonucleotide sequence, noncomplementary oligonucleotide sequence and one-base mismatch. 11 The highest MB signal is obtained with the probe DNA because MB has a strong affinity for the free guanine bases and hence maximum accumulation of MB occurs at this surface. The peak current value does not significantly decrease when the ssDNA-ZrO 2 / Au electrode is exposed to the noncomplementary oligonucleotide in the control experiments, indicating that no change occurs at the electrode surface revealing selectivity of the bioelectrode for hybridization detection. The improved sensitivity ͑7.9ϫ 10 −7 L / ng͒, reusability ͑10-12 times͒ and stability ͑about 4 months͒ 11 of DNA-ZrO 2 / Au bioelectrode has been attributed to the affinity between oxygen atom of phosphate group of DNA and zirconia linked to gold surface.
A cost-effective biosensor has been fabricated by immobilizing probe DNA specific to M. tuberculosis on electrochemically deposited nanostructured ZrO 2 film ͑crystallite size ϳ35 nm͒ without use of any cross-linker. The DNA-ZrO 2 / Au is found to have linearity from 640 to 0.065 ng/ L, response time as 60 s, stability as four months when stored at 4°C and detection limit of 0.065 ng/ L of target DNA concentration and of genomic DNA as low as 1 ng/ L indicating that it can be used for rapid and early detection of M. tuberculosis. 11 The stability of DNA bioelectrode is attributed to the conducive environment provided by biocompatible ZrO 2 . Efforts should be made to utilize this bioelectrode with clinical samples and to fabricate DNA sensors for detection of pneumonia and cholera etc. 4.0x10 -6 6.0x10 -6 8.0x10 -6 1.0x10 
